Evaluation of nuclear data for production routes of 110m
Introduction
Various radiopharmaceuticals, labeled with 111 In (T 1/2 = 2.81 d, 100 % EC decay) are used in the diagnosis of cancer and other diseases through SPECT. However, in particular for receptor-type studies, the quantification of the uptake of the radiopharmaceutical via PET measurements might be important. For 111 In the corresponding isotope of choice is 110m In. This metastable state with I π = 2 + has a half-life of 69.1 min and decays in 61.25 % via positron emission with E max = 2.3 MeV. Evaluation of nuclear data for production routes of 110m In is performed in the frame of an IAEA Coordinated Research Project [1] . The task was assigned to the ATOMKI-VUB group, which previously already published results for some related reactions [2] [3] [4] [5] [6] [7] [8] [9] . As the compilation of all earlier experimental studies showed a lack of data and in some cases large disagreements, we decided to re-investigate the most promising reactions. Two basic routes exist for production of 110m In: a direct and an indirect process. The principal reactions of direct production, with limited contaminants, are 110 Cd(p,n), 110 Cd(d, 2n) , 107 Ag(α,n) and 109 Ag( 3 He,2n). The direct production of 110m In always leads to the co-formation of * Corresponding author: ditroi@atomki.hu the ground state 110g In (I π = 7 + , T 1/2 = 4.9 h). This coformation increases with increasing projectile energy because of the higher spin of the ground state, but it cannot be observed in all cases of our investigations. In all cases, in order to minimize the impurity level, highly enriched targets should be used and the covered energy range should be optimized, which requires information on the production of the disturbing, simultaneously produced, longer-lived 109 In, 110g In and 111 In radioisotopes. Isotopically pure 110m In could only be prepared via the generator system 110 Sn (T 1/2 = 4.11 h, EC 100 %)−→ 110m In. The mother isotope of the generator ( 110 Sn) could be obtained at low and medium energies with light charged particles via the 113 In(p,4n), 113 In(d,5n), 110 Cd( 3 He,3n), 108 Cd(α,2n) and 110 Cd(α,4n) reactions. Disturbing co-produced radioisotopes, requiring optimization of the energy range and use of enriched targets, are the long-lived 113g Sn, decaying to 113m In and finally to stable 113 In (hence decreasing specific activity), and the rather short-lived 111 Sn (T 1/2 = 35.3 min) decaying to 111 In (T 1/2 = 2.81 d).
Experimental
The general characteristics and procedures for irradiation, activity assessment and data evaluation (including estimation of uncertainties) were similar to many of our earlier works [10, 11] . The main experimental parameters and the methods of data evaluation for the present study are summarized in Table 1 . The used decay data are collected in Table 2 .
Experimental results
We are reporting cross sections for production of 110m In, 109 In, 110g In and 111 In in Ag targets irradiated with 3 He and alpha particles. The last three radioisotopes are important from the point of view of radionuclide purity in the case of direct production of 110m In. For the experiments on In targets, proton induced cross section data for production of the mother isotope 110 Sn are reported and data for the shorter-lived, co-produced 109 Sn and 111 Sn (causing radionuclide impurity through decay to 109 In and 111 In) are discussed. The numerical data of the measured cross sections are collected in Table 3 -5. They are shown in graphical form in the corresponding sections discussing the different production routes.
Production routes

Indirect
The medically useful 110m In is produced through the 100 % EC decay of 110 Sn. The production routes for 110 Sn include proton induced reactions at low and medium energy on stable isotopes of indium or alphaparticle and 3 He induced reactions on stable isotopes of cadmium.
In+p
The mother isotope 110 Sn can be obtained on the two stable isotopes of indium ( 113 In: 4.3 % and 115 In: 95.7 %), through the 113 In(p,4n) and 115 In(p,6n) reactions. As the high mass target isotope has an abundance of more than 95%, the (p,6n) reaction, needing incident energies of around 60 MeV, should be favorite for efficient production. From the point of view of radiopurity in any case, shorter-lived 111 Sn (decays to contaminating 111 In) and 113 Sn (decays to contaminating 113m In) will be produced that will also have an influence on the specific activity of the final product. Presence of 111 Sn can be minimized by choosing the used energy range, irradiation time, or/and a proper cooling time before loading of the generator to let shorter-lived 111 Sn (and lower mass short-lived Sn radioisotopes) decay. Some contamination with 113m Sn −→ 113g Sn can never be avoided but as high energy protons are needed for the (p,4n) (threshold 28.8 MeV) and (p,6n) (threshold 44.8 MeV) reactions, limited target thickness will insure that the cross section for 113 In(p,n) in the target is low, as (p,n) reactions usually have maximum at much lower energies, so the protons leave the thin target before decelerating down into the energy range favorable for (p,n) reaction. Moreover, even if produced, the long half-life of 113g Sn results in low activity of its decay product 113m In and limited influence on the radiopurity. Radionuclides of Sn with mass lower than 110, and decaying to In radio-products, have even shorter half-life. Their presence could only be eliminated by keeping the incident proton energy below the threshold of the 113 In(p,5n) (threshold 40.2 MeV) reaction at the cost of large production losses. No experimental cross section data were found for activation cross sections on monoisotopic targets, only data on nat In were published. All available experimental activation cross section data for production of 109 Sn (T 1/2 = 18 min), 110 Sn (T 1/2 = 4.167 h) and 111 Sn (T 1/2 = 35.3 min) are shown in Fig.  1 . In our experiments we could deduce cross section data only for production of 110 Sn due to the long cooling time after EOB (end of bombardment). Two earlier data sets exist, measured by Lundquist et al. [24] and Nortier et al. [25, 26] . Our data for 110 Sn are in acceptable agreement with those. According to Fig. 1 110 Sn ratio is becoming better, therefore this energy range is preferred, resulting in high yields of 110m In using targets with natural composition. The radionuclide purity can be improved significantly by using irradiation times up to 3 half-lives of 110 Sn and a longer cooling time to let the simultaneously produced shorter-lived 109 Sn and 111 Sn decay.
Cd+α
Another suggested route for the production of 110m In through the 110 Sn/ 110m In isotope generator is the 108 Cd(,2n) 110 Sn nuclear reaction [27] and at higher energies the 110 Cd(α,4n) 110 Sn reaction. We found only one relevant experimental data set, the production cross section of 110 Sn on nat Cd, published by us [9] . No data for 109 Sn and 111 Sn were given. The comparison of these experimental values and the theoretical data from TENDL-2014 is shown in Fig. 2 . The TENDL-2014 prediction underestimates the magnitude but the shape is well reproduced. As nat Cd contains 8 stable isotopes ( 106 Cd -1.25 %, 108 Cd -0.89%, 110 Cd -12.49%, 111 Cd -12.80 %, 112 Cd -24.13 %, 113 Cd -12.22 %, 114 Cd - 27 Al(p,x) 22,24 Na reaction [19] 27 Al(p,x) 22,24 Na reaction [19] nat Cu (α,x) 66,67 Ga reaction [19] nat Ti( 3 He,x) 48 V reaction [19] Yield Physical yield [20] Monitor target and thickness 28.73 %, 116 Cd -7.49 %) many reactions of the (α,xn) type can contribute. When using nat Cd the contribution through the 106 Cd(α, γ) reaction is very small. The lowest number of contaminating radioisotopes is obtained by relying on the 108 Cd(α,2n) 110 Sn reaction as only shorter-lived 111 Sn will unavoidably be produced through the (α,n) reaction. Choosing an appropriate cooling time, allowing the decay of 111 Sn before preparing the generator, will result in practically nca (no carrier added) 110m In. In principle we can also use nat Cd targets, because the additionally produced Sn isotopes are either stable or long-lived ( 113 Sn) and decay of this last results in negligible influence on the specific activity as discussed in the previous section. The highest yield and lowest contamination will be obtained by using highly enriched 108 Cd. No experimental data were presented on 108 Cd, but cross sections up to the threshold of 110 Cd(α,4n) 110 Sn reaction (35.6 MeV) can be deduced from cross sections measured on nat Cd. The theoretical cross sections for production of 109, 110, 111 Sn by alpha irradiation of nat Cd are shown in Fig. 2 . It can be seen on Fig. 3 and from Table 2 that using highly enriched 108 Cd targets, up to 30 MeV no contamination with 109 Sn exists. By using the 24-30 MeV energy range and the above mentioned long irradiation and longer cooling time also the amount of 111 Sn can be minimized.
Cd+ 3 He
The situation is nearly the same as for the Cd + α route. The radionuclide of interest, 110 Sn, can also be produced through nat Cd( 3 He,xn) or, with higher yield, using enriched targets through the 110 Cd( 3 He,3n) reaction. No experimental data exist for monoisotopic targets. Two earlier studies were published for production of 110 Sn and 111 Sn on nat Cd [2, 5] (reported by our group). The experimental data are shown in Fig.  4 in comparison with the TENDL-2014 calculation. A good agreement is seen between the two experimental datasets but the predictions of TENDL-2014 differ drastically, both in shape and in magnitude. The theoretical excitation functions of the 110 Cd( 3 He,xn) 109, 110, 111 Sn reactions are shown in Fig. 5 , but they are probably unrealistic as discussed above (according to the systematics on the neighboring elements the maximum cross sections of the 110 Cd ( 3 He,3n) reaction should be around 500-600 mb). When comparing the α and 3 He routes in the low energy region (up to 30 MeV) for the 108 Cd(α,2n) and the 110 Cd( 3 He,3n) reactions, it can be seen that the cross sections on 108 Cd and 110 Cd are similar for the corresponding particles, therefore due to the lower stopping, the yield of the 3 He route should be higher. It is, however, well known that high intensity 3 He beams are rare and very expensive, even when a gas recovery system is available at the accelerator.
Direct production
The direct production routes include proton or deuteron induced reactions on cadmium and -particle or 3 He induced reactions on silver. 110 Cd with protons in a limited energy range, only 110 In is produced through a (p,n) reaction. As it was mentioned before in a direct production route not only the metastable state 110m In is produced, but also its longer-lived, higher spin 110g In ground state (T 1/2 = 4.92 h). The experimental and theoretical excitation functions for the 110 Cd(p,xn)110m, 110g In reactions are shown in Fig. 6 and 7 . For 109 In production we present only the theoretical data in Fig. 7 to see the reaction threshold and the shape of the excitation function. Experimental data for the cross section of 110 Cd(p,n) 110m In reactions (Fig. 6 ) are available from Blaser et al. 1951 [28] , Al Saleh et al. [29] , Khandaker et al. [30] , Trknyi et al. [3] , Skakun et al. [31] , Otozai et al. [32] , Nortier et al. [25] and Kormali et al. [33] . The data measured on nat Cd were normalized for 110 Cd target up to the threshold of the 111 Cd(p,2n) 110 In reaction. In Fig. 7 the excitation function of the 110 Cd(p,n) 110g In reaction is presented. Experimental data on nat Cd and 110 Cd are available from Skakun et al. [31] , Abramovich et al. [34] , Otozai et al. [32] , Tarkanyi et al. [3] and Elbinawi et al. [35] . Fig. 7 shows that by properly selecting the incident energy, the contamination with 109 In can be minimized. Comparison of the Fig. 6 and Fig. 7 shows that the useful energy ranges for 110m In and 110g In production are the same. The cross sections for 110g In are a factor of 6 higher and, in spite of the four times longer half-life, the activity ratio at EOB will still be unacceptable from the point of view of radionuclide purity. The 110m In and 110g In decay independently and the activity ratio during the irradiation will change in the target as the meta-state reaches saturation faster. Hence only rather short irradiations could help to reduce somewhat the contamination level.
Cd+d
As it was mentioned in the previous section on proton induced reactions on nat Cd, large amounts of different long-lived radioisotopes of indium are produced when using natural cadmium targets, hence the only realistic candidate is the 110 Cd(d,2n) reaction. Only a few measurements were published for the 110 [4] . The excitation functions are shown in Figs. 8-9 . In Fig. 8 the theoretical excitation functions for production of 109 In and 111 In are also shown to illustrate the shape and the magnitude of these simultaneously produced neighboring indium radioisotopes. According to Figs. 8-9 a very narrow energy window around 15 MeV exists, where the 110m In yield is high and the co-produced 109 In and 111 In amounts are the lowest. A significant impurity of Figure 7: Excitation functions of the 110 Cd(p,n) 110m In and 110 Cd(p,2n) 109 In reactions 110g In, practically independently from the covered energy range, will however be co-produced as the values of the cross sections are about the same.
Ag+α
Other possible target particle combinations for direct production of 110m In are the Ag+α and Ag+ 3 He reactions. Silver has two stable isotopes: 107 Ag (abundance 51.839 %) and 109 Ag (48.161 %). When considering alpha induced reactions, the 107 Ag(α,n) is the main candidate as it allows to minimize co-produced contaminants. Cross sections for direct production of 110m,g In through alpha induced nuclear reactions on silver have been measured by Misealides et al. [38] , Chaubey et al. [39] , Fukushima et al. [40] , Takacs et al. [7] (our work), Wasilewsky et al. [41] , Omori et al. [42] , Singh et al. [43] and in the present work. The excitation functions of the 107 Ag(α,xn) 110m In, 109 In, 110g In reactions are shown in Fig 10-12 . According to Fig. 12 the production of 109 In is starting only above 16 MeV. The impurity from the ground state 110g In is high over the whole energy range. From literature it is well known that when nat Cd targets are used, longer-lived reaction products are present practically in the whole energy range. Especially for the medically important 111 In, most frequently produced though the 112 Cd(p,2n) reaction with 24-25 MeV incident proton energy, the 109 Ag(α,2n) could be a real alternative production route, taking into account that the 111 In can be produced with high yields and low impurity levels. A large number of measurements were done for the 109 Ag(α,2n) 111 In reaction: Patel et al. [44] Hasbroek et al. [45] , Ismail et al. [46] , Wasilewsky et 
TENDL-2014
Figure 10: Excitation functions of the 107 Ag(α,n) 110m In nuclear reaction al. [47] , Takacs et al. [7] , Mukherjee et al. [48] , Guin et al. [49] , Chaubey [39] , Fukushima [40] , Chuvilskaya [50] , Peng [51] , Bleuer [52] , Porges [53] , Xiufeng [54] , Singh et al. [43] and the present work. The experimental results are shown in Fig. 13 .
Ag+ 3 He
When using 3 He beams the useful reaction on Ag is 109 Ag( 3 He,2n). The disturbing products are 109 In, 110g In and 111 In. The excitation functions for 109 Ag( 3 He,xn) 109,110m,110g,111 In are shown in Figs 14-17. The low reliability of predictions of TENDL-2014 for 3 He induced processes can be remarked for these four reactions. The experimental cross section data on the 109 Ag( 3 He,2n)110m,gIn reactions were measured by Misaelides et al. [38] , Marten et al. [55] , Nagame et al. [56] , Omori et al. [57] and in this work. According to Fig. 14 , the cross sections for production of 110m In are low. The reaction can effectively be used in the 10-30 MeV range but over the whole energy range a significant yield for 109 In is seen (Fig. 17) . Small cross sections for 111 In production are also present over the whole energy range (Fig. 16 ) and for 110g In the cross sections are similar to those for 110m In (Fig. 15 ).
Integral yields
Integral yields as a function of energy were calculated by using fitted experimental and/or theoretical cross sections for production of 110 Sn via the 113 In(p,4n), nat In(p,xn), 108 Cd(α,2n), nat Cd(α,xn), 110 Cd( 3 He,3n) and nat Cd( 3 He,xn) reactions and for direct production In via 110 Cd(p,n), 110 Cd(d,2n), 107 Ag(α,xn) and 109 Ag( 3 He,2n) reactions (Figs. 18-19 ). There are only a few experimental thick target yields on these targetreaction combinations measured by Dmitriev [58, 59] , Nickles et al. [60] , Mukhamedov [37] and Abe et al. [61] . Where an energy overlap is existing, our data were compared with those literature values.
Summary
In the frame of a systematic study of production routes of the medically useful 110m In, experimental cross section data for the nat In(p,xn) 110 Sn indirect route and for nat Ag(α,xn) 109,110m,110g,111 In and natAg( 3 He,xn) 109,110m,110g,111 In direct nuclear reactions were measured. The new data are in good agreement with earlier results and are in acceptable agreement with the theoretical predictions in TENDL-2014 except for the 3 He induced reactions. Thick target yields were derived for different routes relevant for production of the radioisotope of interest 110m In. The 110 Sn( 110m In) generator could be prepared at low and medium energies with light charged particles via the 113 In(p,4n), nat In(p,xn), 110 Cd(α,2n), nat Cd(α,xn), 110 Cd( 3 He,3n) and nat Cd( 3 He,xn) reactions. Each of these routes requires high incident energy and a proper selection of an adapted energy range. The main advantage of the indirect method is the high radionuclide purity, which can easily be assured by the proper irradiation and cooling parameters. Another advantage is that, depending on the required specific activity, natural targets can be used. Considering the available commercial accelera- tors, use of the nat In(p,xn) 110 Sn reaction seems to be the simplest and most productive method, however requiring 70-100 MeV beam energy. It should be mentioned that the generator can be produced also at lower energy machines by using 30 MeV alpha beams and enriched 108 Cd targets. For direct production the 110 Cd(p,n), 110 Cd(d,2n), 107 Ag(α,xn) and 109 Ag( 3 He,2n) reactions are the most suitable candidate routes. Lower energy accelerators can also be used, but highly enriched targets are required. Although the radionuclide impurity level is lower, significant amount of 110g In are always present in the product. If the 110g In level is not taken into account, the 110 Cd(p,n) reaction seems the most promising production route.
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